This study proposes a cleaner lead-acid battery (LAB) paste and pyrite cinder (PyC) recycling method without excessive generation of SO 2 . PyCs were employed as sulfur-fixing reagents to conserve sulfur as condensed sulfides, which prevented SO 2 emissions. In this work, the phase transformation mechanisms in a PbSO 4 -Na 2 CO 3 -Fe 3 O 4 -C reaction system were studied in detail. Furthermore, the co-treatment of spent LAB and PyCs was conducted to determine the optimal recycling conditions and to detect the influences of different processing parameters on lead recovery and sulfur fixation. In addition, a bench-scale experiment was carried out to confirm the feasibility and reliability of this novel process. The results reveal that the products were separated into three distinct layers: slag, ferrous matte, and crude lead. 98.3% of lead and 99% of silver in the feed materials were directly enriched in crude lead. Crude lead with purity of more than 98 wt.% (weight percent) was obtained by a one-step extraction. Lead contents in the produced matte and slag were below 2.7 wt.% and 0.6 wt.%, respectively. At the same time, 99.2% total sulfur was fixed and recovered.
Introduction
Lead-acid batteries (LABs) are widely applied in automobiles and electric bicycles. Recently, advances in energy, transportation, and telecommunication industries have increasingly expanded its demand, and its scrap volume grows worldwide [1] . It has been estimated that the number of spent LABs would be multiplied annually based on the mean lifetime of 2-3 years and will continue to grow, especially in China and other emerging economies [2] . As a result, it has become the most significant secondary lead source worldwide [3] . About 80-85% of total secondary lead is recycled from lead paste [4] . Typically, a spent LAB consists of four main components: lead paste (30-40%), lead alloy grids (24-30%), polymeric materials (22-30%) , and waste electrolytes (11-30%) [5, 6] . Of these, lead paste is the most difficult to deal with [7] . spectrometry (ICP-AES, Perkin Elmer, Optima 3000, Norwalk, CT, USA). The assays are shown in Table 1 . The concentration of the various metal oxides in LAB and PyC and phase compositions of lead in LAB paste were determined by EDTA (Ethylene Diamine Tetracetic Acid) titration. The contents of PbO, PbO 2 , and metallic Pb components presented in Table 1 were determined by dissolving each individual component in turn into solution, followed by EDTA titration. Firstly, lead paste was added to 5% (mass fraction) acetum to dissolve the PbO component. Secondly, the residue was moved and further dissolved in HNO 3 solution (1 + 1 volume fraction) to separate metallic Pb. Then, the remaining residue was dissolved in the mixed solution of 1 + 1 HNO 3 
Apparatus
The equipment used in this investigation is shown in Figure 1 . Equipment included a horizontal tube furnace equipped with a gas controller and temperature controller (SR3-8P-N-90-100Z, SHIMADEN Co., Ltd., Tokyo, Japan, accuracy ±1 • C) and two S-type thermocouples. Silicon carbide (Si-C) heating elements were used to heat the furnace. An alumina crucible was used to carry the reaction mixture. The solid products were quenched in liquid N 2 . The tail gas was absorbed by a NaOH solution.
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The equipment used in this investigation is shown in Figure 1 . Equipment included a horizontal tube furnace equipped with a gas controller and temperature controller (SR3-8P-N-90-100Z, SHIMADEN Co., Ltd., Tokyo, Japan, accuracy ±1 °C) and two S-type thermocouples. Silicon carbide (Si-C) heating elements were used to heat the furnace. An alumina crucible was used to carry the reaction mixture. The solid products were quenched in liquid N2. The tail gas was absorbed by a NaOH solution. 
Procedure
When investigating the reaction mechanism, pure PbSO4 was selected as the model compound because it is the major and most difficult component to deal with in lead paste. In order to reveal the reaction paths, the PbSO4-Fe3O4-Na2CO3-C reaction mixture was synthesized using pure chemicals according to their potential reaction stoichiometry. Five grams of PbSO4 was employed in each synthesized specimen. The specimens were pressed uniaxially under 15 MPa to obtain cylindrical samples 10 mm in diameter, loaded into the alumina crucible, and pushed into the constant temperature zone of the furnace at the desired temperature for 5, 10, 15, 20, or 30 min. The protective N2 gas flow rate was fixed at 0.5 L/min. After the preset reaction time, the product was taken out rapidly and quenched in liquid nitrogen. The phase compositions were characterized by XRD (D/max 2550PC, Rigaku Co., Ltd., Tokyo, Japan) with Cu-Ka radiation. The XRD data were collected in the range of 2θ = 10°-80° with a 2θ step width of 1°. The recorded spectra were evaluated by comparison with entries from the PDF-2 database [27] .
In the batch experiments of real lead paste, 200 g of lead paste was mixed evenly with a given amount of coke, pyrite cinder, Na2CO3, and other fluxes (CaO and SiO2) for every test. The mixture was placed into an alumina crucible and positioned in the furnace. After the required treatment time, the crucible was rapidly quenched in liquid nitrogen and weighed. Next, the crucible was broken to carefully separate and weigh crude lead, ferrous matte, and slag. Each sample was well prepared for ICP-AES analysis. The microstructures of matte and slag samples were characterized by a scanning electron microscope and energy diffraction spectrum (SEM-EDS, Carl Zeiss LEO 1450, Oberkochen, Germany; EDS, INCA Wave 8570, Oxford Instruments, Oxford, UK). The direct Pb recovery rate (η) and sulfur-fixing rate (γ) were calculated based on following Equations (1) and (2), respectively:
Results and Discussion

Phase Transformation Mechanisms
The XRD patterns of the PbSO4-Na2CO3-Fe3O4-C reaction system are presented in Figure 2 . It is observed from Figure 2a that exchange reactions between PbSO4 and Na2CO3 occurred above 500 °C. At 650 °C, xPbO·PbSO4 (x can be 1, 2, or 4), PbO, and Na4CO3SO4 were detected. This indicates that the reactions between PbSO4 and Na2CO3 were a multistage process. PbO was generated from PbSO4 in the presence of Na2CO3 through the following sequence: PbSO4→PbO·PbSO4→2PbO·PbSO4→4PbO·PbSO4→PbO. A schematic of the reaction path is shown in Figure 3a . Thus, SO3 in PbSO4 transferred to Na2SO4. With increased temperature, PbS and metallic 
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Results and Discussion
Phase Transformation Mechanisms
The XRD patterns of the PbSO 4 -Na 2 CO 3 -Fe 3 O 4 -C reaction system are presented in Figure 2 . It is observed from Figure 2a that exchange reactions between PbSO 4 and Na 2 CO 3 occurred above 500 • C. At 650 • C, xPbO·PbSO 4 (x can be 1, 2, or 4), PbO, and Na 4 CO 3 SO 4 were detected. This indicates that the reactions between PbSO 4 and Na 2 CO 3 were a multistage process. PbO was generated from PbSO 4 in the presence of Na 2 CO 3 through the following sequence: PbSO 4 →PbO·PbSO 4 →2PbO·PbSO 4 →4PbO·PbSO 4 →PbO. A schematic of the reaction path is shown in Figure 3a . Thus, SO 3 in PbSO 4 transferred to Na 2 SO 4 . With increased temperature, PbS and metallic Pb emerged at 750 • C, and the main products after 30 min reaction were Pb, PbS, PbO, Fe 3 O 4 , and Na 2 SO 4 . It indicates that a part of PbSO 4 was reduced to PbS. At the same time, PbO was reduced to metallic Pb. When temperature rose to 850 • C, NaFeS 2 was generated after 30 min lead time. This suggests that iron oxide was involved in the sulfur-fixation reactions. Sulfur in PbS and Na 2 SO 4 was transferred to NaFeS 2 . Metallic Pb emerged and settled from the reaction mixture as a metal layer. When temperature was increased to 1000 • C, intermediate products-sodium iron oxides, sodium lead oxides, and lead iron oxides-were detected, and as temperature rose from 1100 • C to 1200 • C, their generation grew. However, the main products were Pb, NaFeS 2 , and FeS. Pb emerged at 750 °C, and the main products after 30 min reaction were Pb, PbS, PbO, Fe3O4, and Na2SO4. It indicates that a part of PbSO4 was reduced to PbS. At the same time, PbO was reduced to metallic Pb. When temperature rose to 850 °C, NaFeS2 was generated after 30 min lead time. This suggests that iron oxide was involved in the sulfur-fixation reactions. Sulfur in PbS and Na2SO4 was transferred to NaFeS2. Metallic Pb emerged and settled from the reaction mixture as a metal layer. When temperature was increased to 1000 °C, intermediate products-sodium iron oxides, sodium lead oxides, and lead iron oxides-were detected, and as temperature rose from 1100 °C to 1200 °C, their generation grew. However, the main products were Pb, NaFeS2, and FeS. 
Figure 2b
suggests that Na2CO3 first reacted with PbSO4 to convert it to PbO. At the same time, PbO can be reduced to metallic Pb at 850 °C. The unconverted PbSO4 will also be reduced to PbS. After 5 min reaction, the products comprised Pb, PbS, Na2SO4, PbO, and Fe3O4. As reaction time extended, the diffraction intensity of metallic Pb increased steadily, and that of PbO decreased. Fe3O4 did not react with PbS within around the first 20 min but 30 min later when NaFeS2 emerged. sufficient sulfur and lead recovery. At low temperatures and weakly reductive atmospheres, as Figure  3a shows, PbSO4 first reacted with Na2CO3 to convert to PbO and Na2SO4, which helped the decomposition of PbSO4 and ensured that sulfur was conserved in the recycling system in the solid state (as Na2SO4) without generating and emitting SO2 gas. As temperature increased, unconverted PbSO4 was selectively reduced to PbS. Then, the sulfur-fixing agent, Fe3O4, reacted with PbS, as shown in Figure 3b . The sulfur in PbS was further immobilized and finally recycled as FeS and NaFeS2. The entire reaction path can be described as follows, where the Gibbs free energies ∆ of the reactions below are calculated by HSC 9.2.6 and its database [28] (unit of ∆ is kJ/mol, temperature T is °C):
PbSO4 + Na2CO3 = PbO + Na2SO4 + CO2(g); ∆ = −0.149 + 7.586;
(3) C + CO2(g) = CO(g); ∆ = −0.173 + 121.52;
PbSO4 + 4CO(g) = PbS + 4CO2(g); ∆ = −0.681 + 166.39;
3PbS + Fe3O4 + 4CO(g) = 3Pb + 3FeS + 4CO2(g); ∆ = −0.066 − 24.284 ;
PbS + Na2CO3 + CO(g)= Na2S + Pb + 2CO2(g); ∆ = −0.132 + 128.00;
PbO + CO(g) = Pb + CO2(g); ∆ = −0.013 − 67.25, T≤ 900 °C; ∆ = 0.014 − 90.546, T≥ 900 °C;
Na2SO4 + 4CO(g) = Na2S + 4CO2(g); ∆ = 0.034 − 127.88;
4Na2SO4 + Fe2O3+ 16CO(g) = 2NaFeS2 + 3Na2O + 16CO2(g); ∆ = 0.207 − 126.14; Figure 2b suggests that Na 2 CO 3 first reacted with PbSO 4 to convert it to PbO. At the same time, PbO can be reduced to metallic Pb at 850 • C. The unconverted PbSO 4 will also be reduced to PbS. After 5 min reaction, the products comprised Pb, PbS, Na 2 SO 4 , PbO, and Fe 3 O 4 . As reaction time extended, the diffraction intensity of metallic Pb increased steadily, and that of PbO decreased. Fe 3 O 4 did not react with PbS within around the first 20 min but 30 min later when NaFeS 2 emerged.
The above results indicate that the presence of Na 2 CO 3 and reductant is a critical factor to ensure sufficient sulfur and lead recovery. At low temperatures and weakly reductive atmospheres, as Figure 3a shows, PbSO 4 first reacted with Na 2 CO 3 to convert to PbO and Na 2 SO 4 , which helped the decomposition of PbSO 4 and ensured that sulfur was conserved in the recycling system in the solid state (as Na 2 SO 4 ) without generating and emitting SO 2 gas. As temperature increased, unconverted PbSO 4 was selectively reduced to PbS. Then, the sulfur-fixing agent, Fe 3 O 4 , reacted with PbS, as shown in Figure 3b . The sulfur in PbS was further immobilized and finally recycled as FeS and NaFeS 2 .
The entire reaction path can be described as follows, where the Gibbs free energies ∆G θ T of the reactions below are calculated by HSC 9.2.6 and its database [28] 
PbSO 4 + 4CO (g) = PbS + 4CO 2(g) ; ∆G θ T = −0.681 T + 166.39;
PbS + Na 2 CO 3 + CO (g) = Na 2 S + Pb + 2CO 2(g) ; ∆G θ T = −0.132 T + 128.00;
Metals 2019, 9, Figure 4 illustrates the ∆G θ T versus T, Log(pS 2 ) versus T, and Log(pSO 2 ) versus T diagrams of the reaction system. The thermodynamic calculation results agreed well with the experimental reaction mechanism. PbSO 4
Na2CO3
→ PbO and PbSO 4 CO →PbS reactions tended to take place firstly at a low temperature. Then, lead was extracted from PbS and PbO with the help of Fe 3 O 4 [29] and Na 2 CO 3 [30] . Sulfur was conserved as FeS, Na 2 S, and NaFeS 2 . 
2Na2SO4 + 2FeS + 7CO(g) = 2NaFeS2 + Na2O + 7CO2(g); ∆ = 0.1884 − 122.67. Figure 4 illustrates the ∆ versus , Log(pS2) versus T, and Log(pSO2) versus T diagrams of the reaction system. The thermodynamic calculation results agreed well with the experimental reaction mechanism. PbSO4 2 3
→
PbO and PbSO4 → PbS reactions tended to take place firstly at a low temperature. Then, lead was extracted from PbS and PbO with the help of Fe3O4 [29] and Na2CO3 [30] . Sulfur was conserved as FeS, Na2S, and NaFeS2. The reaction systems in Figure 4b ,c were defined by oxygen pressures based on the FeO/Fe3O4 boundary conditions. Thus, the activity of elemental carbon, gaseous sulfur polymers, and CO(g) can be calculated from the results obtained, and they will not violate the equilibria by any means. It was found from Figure 4b ,c that the Pb, Na2S, and Na2SO4 equilibrium domains formed before FeS. It indicated that Na2CO3 will first react with PbSO4 to extract metallic Pb. The results coincide with previous experimental results. Additionally, the Na2O/Na2SO4 equilibrium generated the lowest SO2 partial pressure (i.e., allows the smallest SO2 losses to gas). Therefore, it is essential for sulfur (dioxide) emissions to have Na2CO3 in the raw materials. The reaction systems in Figure 4b ,c were defined by oxygen pressures based on the FeO/Fe 3 O 4 boundary conditions. Thus, the activity of elemental carbon, gaseous sulfur polymers, and CO (g) can be calculated from the results obtained, and they will not violate the equilibria by any means. It was found from Figure 4b ,c that the Pb, Na 2 S, and Na 2 SO 4 equilibrium domains formed before FeS. It indicated that Na 2 CO 3 will first react with PbSO 4 to extract metallic Pb. The results coincide with previous experimental results. Additionally, the Na 2 O/Na 2 SO 4 equilibrium generated the lowest SO 2 Metals 2019, 9, 911 8 of 14 partial pressure (i.e., allows the smallest SO 2 losses to gas). Therefore, it is essential for sulfur (dioxide) emissions to have Na 2 CO 3 in the raw materials.
Batch Experiments of End of Life (EoL) Lead Paste
Influence of Coke Addition
Lab-scale batch experiments using real EoL (end of life) lead battery paste were carried out to investigate the effect of major recycling parameters on direct lead recovery and sulfur fixation efficiency. The results of increasing coke addition are presented in Figure 5 . It reveals that the direct Pb recovery and sulfur-fixation rates increased with increasing coke dosage and were stable after 12% coke addition, where 95.9% lead was recovered and enriched in crude lead, and 97.7% sulfur was recovered in the ferrous matte and slag. This indicates that the reductive atmosphere was a significant factor for lead recovery and sulfur fixation. As the results shown in Figure 2 indicate, lead extraction from PbSO 4 , PbS, and PbO, as well as sulfur conversion from PbSO 4 , PbS, and Na 2 SO 4 , should rely on carbothermal reduction. A suitable coke addition can notably improve lead recovery and sulfur fixation according to Equations (1) and (2), respectively. efficiency. The results of increasing coke addition are presented in Figure 5 . It reveals that the direct Pb recovery and sulfur-fixation rates increased with increasing coke dosage and were stable after 12% coke addition, where 95.9% lead was recovered and enriched in crude lead, and 97.7% sulfur was recovered in the ferrous matte and slag. This indicates that the reductive atmosphere was a significant factor for lead recovery and sulfur fixation. As the results shown in Figure 2 indicate, lead extraction from PbSO4, PbS, and PbO, as well as sulfur conversion from PbSO4, PbS, and Na2SO4, should rely on carbothermal reduction. A suitable coke addition can notably improve lead recovery and sulfur fixation according to Equations (1) and (2), respectively. 
Influence of Na2CO3 Addition
The effects of Na2CO3 addition on direct Pb recovery and sulfur fixation are depicted in Figure  6 . It illustrates that lead recovery and sulfur fixation rates gradually increased as Na2CO3 dosage increased from 0% to 4%, where 97.0% lead was recovered, and 99.2% sulfur was made immovable. Without Na2CO3 addition, PbSO4 could be directly reduced to PbS, and it further was converted to PbO with the help of sulfur-fixing agent Fe3O4. As a result, metallic Pb was extracted and recovered from lead oxide. However, when the Na2CO3 addition exceeded 4%, direct Pb recovery and sulfurfixing rates no longer increased and were maintained at around 96% and 98%, respectively. This means that the active Na2CO3 reached saturation. Excess Na2CO3 was unable to further increase the capacities of lead recovery and sulfur fixation. 
Influence of Na 2 CO 3 Addition
The effects of Na 2 CO 3 addition on direct Pb recovery and sulfur fixation are depicted in Figure 6 . It illustrates that lead recovery and sulfur fixation rates gradually increased as Na 2 CO 3 dosage increased from 0% to 4%, where 97.0% lead was recovered, and 99.2% sulfur was made immovable. Without Na 2 CO 3 addition, PbSO 4 could be directly reduced to PbS, and it further was converted to PbO with the help of sulfur-fixing agent Fe 3 O 4 . As a result, metallic Pb was extracted and recovered from lead oxide. However, when the Na 2 CO 3 addition exceeded 4%, direct Pb recovery and sulfur-fixing rates no longer increased and were maintained at around 96% and 98%, respectively. This means that the active Na 2 CO 3 reached saturation. Excess Na 2 CO 3 was unable to further increase the capacities of lead recovery and sulfur fixation.
Without Na2CO3 addition, PbSO4 could be directly reduced to PbS, and it further was converted to PbO with the help of sulfur-fixing agent Fe3O4. As a result, metallic Pb was extracted and recovered from lead oxide. However, when the Na2CO3 addition exceeded 4%, direct Pb recovery and sulfurfixing rates no longer increased and were maintained at around 96% and 98%, respectively. This means that the active Na2CO3 reached saturation. Excess Na2CO3 was unable to further increase the capacities of lead recovery and sulfur fixation. 
Influence of Treatment Temperature
The influences of temperature on lead recovery and sulfur-fixing rates are presented in Figure 7 . The results show that 1200 • C was the optimal recycling temperature to obtain a high lead and sulfur recovery, where 97.0% lead was recovered in crude lead. The sulfur fixation rate was maintained at around 98% when temperature increased from 1150 • C to 1350 • C. This indicates that the sulfur-fixation reactions had completed before 1150 • C. Excessive temperature was unbeneficial for lead enrichment because volatilization of lead will intensify at high temperatures. The above presented XRD results of the PbSO 4 -Na 2 CO 3 -Fe 3 O 4 -C mixtures also indicate that the intermediate products, lead oxides, tended to combine with sodium oxide and iron oxides at high temperatures, which limited further reduction of lead oxide to metallic lead. The influences of temperature on lead recovery and sulfur-fixing rates are presented in Figure  7 . The results show that 1200 °C was the optimal recycling temperature to obtain a high lead and sulfur recovery, where 97.0% lead was recovered in crude lead. The sulfur fixation rate was maintained at around 98% when temperature increased from 1150 °C to 1350 °C. This indicates that the sulfur-fixation reactions had completed before 1150 °C. Excessive temperature was unbeneficial for lead enrichment because volatilization of lead will intensify at high temperatures. The above presented XRD results of the PbSO4-Na2CO3-Fe3O4-C mixtures also indicate that the intermediate products, lead oxides, tended to combine with sodium oxide and iron oxides at high temperatures, which limited further reduction of lead oxide to metallic lead. 
Influence of Treatment Time
The direct Pb recovery and sulfur-fixation rates at different treatment times are presented in Figure 8 . It implies that 1.5 h was an acceptable recycling time for sulfur fixation, lead alloy settling, and enrichment, where more than 96.7% of lead and 99.5% of sulfur were recovered. A declining trend was observed when the treatment time exceeded 1.5 h because of the increasing volatilization of lead and sodium salt. The results in Figure 2b reveal that the lead extraction and sulfur fixing reactions could take place in minutes. However, an acceptable lead recovery and sulfur fixation rate relied on reactions between PbS and Fe3O4. Adequate completion of these reactions would take time. 
The direct Pb recovery and sulfur-fixation rates at different treatment times are presented in Figure 8 . It implies that 1.5 h was an acceptable recycling time for sulfur fixation, lead alloy settling, and enrichment, where more than 96.7% of lead and 99.5% of sulfur were recovered. A declining trend was observed when the treatment time exceeded 1.5 h because of the increasing volatilization of lead and sodium salt. The results in Figure 2b reveal that the lead extraction and sulfur fixing reactions could take place in minutes. However, an acceptable lead recovery and sulfur fixation rate relied on reactions between PbS and Fe 3 O 4 . Adequate completion of these reactions would take time. Figure 8 . It implies that 1.5 h was an acceptable recycling time for sulfur fixation, lead alloy settling, and enrichment, where more than 96.7% of lead and 99.5% of sulfur were recovered. A declining trend was observed when the treatment time exceeded 1.5 h because of the increasing volatilization of lead and sodium salt. The results in Figure 2b reveal that the lead extraction and sulfur fixing reactions could take place in minutes. However, an acceptable lead recovery and sulfur fixation rate relied on reactions between PbS and Fe3O4. Adequate completion of these reactions would take time. 
Comprehensive Experiments and Characterization of Products
Comprehensive Experimental Results
Comprehensive bench-pilot experiments with 1500 g lead paste were conducted to detect the repeatability and reliability of this novel process. The above obtained optimal recycling conditions were used-W lead paste :W Na2CO3 :W pyrite cinder :W coke = 100:4:25:12 g, treatment temperature 1200 • C, and treatment time 1.5 h. SiO 2 and CaO were added in the initial feed materials to form slag and adjust FeO/SiO 2 = 1.3 and CaO/SiO 2 = 0.4. Figure 9 shows a physical macrograph and the corresponding XRD patterns of recycling products. It is clear that the products were separated into three distinct layers: slag, ferrous matte, and crude lead bullion. Table 2 shows the chemical compositions of different products obtained.
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Comprehensive bench-pilot experiments with 1500 g lead paste were conducted to detect the repeatability and reliability of this novel process. The above obtained optimal recycling conditions were used-Wlead paste:WNa2CO3:Wpyrite cinder:Wcoke = 100:4:25:12 g, treatment temperature 1200 °C, and treatment time 1.5 h. SiO2 and CaO were added in the initial feed materials to form slag and adjust FeO/SiO2 = 1.3 and CaO/SiO2 = 0.4. Figure 9 shows a physical macrograph and the corresponding XRD patterns of recycling products. It is clear that the products were separated into three distinct layers: slag, ferrous matte, and crude lead bullion. Table 2 shows the chemical compositions of different products obtained. The results show that 98.3% lead and 99% silver were directly enriched in crude lead in the pilot test. More than 98% purity crude lead was obtained by a one-step extraction. Lead contents in the matte and slag were 2.7% and 0.6%, respectively. At the same time, 99.2% of total sulfur was fixed and recovered in the treatment system (85.9% in ferrous matte and 13.3% in slag), which helped to prevent the generation and emission of SO 2 . The main phases in the solidified matte were FeS, Fe 3 3 , and some entrained FeS. It is harmless and can be used as raw material for cement production after water-quenching and granulation.
SEM-EDS Characterization of Products
The recycling products obtained, ferrous matte and slag, were characterized by SEM-EDS techniques. The results are presented in Figures 10 and 11 . Figure 10 illustrates that ferrous oxide FeO and few metallic Fe droplets were embedded in the ferrous sulfide and its FeS minerals. At the same time, iron spinel (magnetite) Fe 3 O 4 was adjacent to FeS. Some metallic lead and lead oxide particles were embedded and entrained in FeS minerals. It helps to confirm that lead extraction from PbS was carried out by exchange reactions between iron oxide (Fe 3 O 4 and FeO) and PbS.
The SEM-EDS results presented in Figure 11 show that magnetite Fe 3 O 4 tended to combine with sodium silicate Na 2 Si 2 O 5 . Carnegieite Na 2 AlSiO 4 particles were found embedded in magnetite and fayalite. Mackinawite FeS was found to be mainly entrained on the interfaces between gehlenite Ca 2 (Al(AlSi)O 7 ) and fayalite Fe 2 SiO 4 .
The recycling products obtained, ferrous matte and slag, were characterized by SEM-EDS techniques. The results are presented in Figures 10 and 11 . Figure 10 illustrates that ferrous oxide FeO and few metallic Fe droplets were embedded in the ferrous sulfide and its FeS minerals. At the same time, iron spinel (magnetite) Fe3O4 was adjacent to FeS. Some metallic lead and lead oxide particles were embedded and entrained in FeS minerals. It helps to confirm that lead extraction from PbS was carried out by exchange reactions between iron oxide (Fe3O4 and FeO) and PbS. The SEM-EDS results presented in Figure 11 show that magnetite Fe3O4 tended to combine with sodium silicate Na2Si2O5. Carnegieite Na2AlSiO4 particles were found embedded in magnetite and fayalite. Mackinawite FeS was found to be mainly entrained on the interfaces between gehlenite Ca2(Al(AlSi)O7 and fayalite Fe2SiO4. 
Conclusions
A cleaner recycling of lead from EoL LAB paste and co-treatment of PyCs by a reductive sulfurfixing recycling technique was experimentally confirmed to be feasible. The optimal treatment conditions were determined as Wlead paste:WNa2CO3:Wpyrite cinder:Wcoke = 100:4:25:12 g, FeO/SiO2 = 1.3, CaO/SiO2 = 0.4, treatment temperature 1200 °C, and time 1.5 h. Under these conditions, 98.3% lead in the raw materials was directly enriched and recovered in crude lead, and 99.2% total sulfur was fixed 
A cleaner recycling of lead from EoL LAB paste and co-treatment of PyCs by a reductive sulfur-fixing recycling technique was experimentally confirmed to be feasible. The optimal treatment conditions were determined as W lead paste :W Na2CO3 :W pyrite cinder :W coke = 100:4:25:12 g, FeO/SiO 2 = 1.3, CaO/SiO 2 = 0.4, treatment temperature 1200 • C, and time 1.5 h. Under these conditions, 98.3% lead in the raw materials was directly enriched and recovered in crude lead, and 99.2% total sulfur was fixed and recovered to matte and slag. Crude lead of 98% purity was obtained in a one-step extraction. Lead contents in matte and slag were 2.7% and 0.6%, respectively.
The phase transformation mechanisms were clarified. PbSO 4 originally reacted at low temperatures with Na 2 CO 3 to convert to PbO and Na 2 SO 4 , which avoided decomposition of PbSO 4 and ensured that sulfur was conserved in the recycling system in the solid state (Na 2 SO 4 ) without generating and emitting SO 2 gas. As temperature increased, unconverted PbSO 4 was selectively reduced to PbS. Then, Fe 3 O 4 reacted with PbS. The sulfur in PbS was further transferred and finally fixed as FeS and NaFeS 2 . This new process provides a promising alternative recycling and treatment method for various secondary lead-containing materials and iron-bearing industrial wastes.
